This study presents a CFD analysis constructed around PHYSICA, an open framework for multi-physics computational continuum mechanics modelling, to investigate the water movement in unsaturated porous media. The modelling environment is based on a cell-centred finite-volume discretisation technique. A number of test cases are performed in order to validate the correct implementation of Richard's equation for compressible and incompressible fluids. The pressure head form of the equation is used together with the constitutive relationships between pressure, volumetric water content and hydraulic conductivity described by Haverkamp and Van Genuchten models. The flow problems presented are associated with infiltration into initially dry soils with homogeneous or layered geologic settings. Comparison of results with the problems selected from literature shows a good agreement and validates the approach and the implementation.
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INTRODUCTION
The study of water movement in the unsaturated zone, also termed as vadose zone, is important in many aspects and has become a part of scientific research over the last few decades e.g. (Miller et al., 1998) , (Hinz, 1998) and (Ferrante and Yeh, 1999) . Field applications involve the issues regarding groundwater quality, recharge, evapotranspiration, infiltration, vegetation and subsurface transport processes; key phenomena dealt in many branches of hydrology, soil mechanics, fluid dynamics and agricultural and environmental engineering. The key tools widely used by many researchers are numerical methods which are commonly used due to their ability of interpreting model architecture, geometry, boundary conditions and physical properties in a discriminate manner. These modelling tools are available as packages e.g. SWMS_2D (Simunek et al., 1994) and HYDRUS-1D (Simunek et al., 1997) and are also further enhanced by additional coding by researchers e.g. (Gottardi and Venutelli, 1993) and (Simpson and Clement, 2003) . Finite-difference (FD) and finite-element (FE) methods are the most commonly used numerical approaches for modelling the theory of unsaturated flow. Solutions to the one-dimensional infiltration equation using FD method were first presented by (Freez, 1969) . This work was further re-visited and reviewed by (Haverkamp et al., 1977) . In recent years many theories based on the two approaches were proposed to predict the water movement under variably saturated flow conditions e.g. (Celia et al., 1990) , (Cooley, 1983) , (Van Genuchten, 1982) , (Paniconi et al., 1991) , (Parsad et al., 2001) and (Simpson and Clement, 2003) .
Modelling of one-dimensional water flow in relatively dry layered soils was reported by (Hills et al., 1989 ) using a FD water content based formulation of Richards (Richards, 1931) equation. The work illustrated the advantages and disadvantages of water content formulation over the now more commonly used pressure based formulation. Infiltration simulations in homogenous and layered soils has been documented by (Gottardi and Venutelli, 1993) utilizing five schemes derived from FD and FE methods for integrating three forms of Richard's equation.
Robust solution for flow in non-uniform porous media largely depends on the approximation methods of governing equation, evaluation of constitutive relationships and methods for approximating relative conductivity (Miller et al. 1998) . The objective of this paper is to test the suitability of the Finite-Volume (FV) method, primarily by accounting for flow process in vadose zone. The method involves the formal integration of the governing fluid flow equations over all the finite volumes of the solution domain followed by the discretisation of the integrated equations which lead to a system of algebraic equations. Finally, the solution of the algebraic equation is achieved by an iterative method.
MATHEMATICAL FORMULATIONS 2.1. Governing Equations
The movement of water in the vadose zone can be described by Richard's equation (Richards, 1931) . The head-based formulation for 3-dimensional flow, in an incompressible medium, is given by:
( 1) where C(ψ) = dθ/dψ. For one-dimensional vertical flow equation (1) reduces to
The head-based form of the equation describing flow in a compressible porous medium can be written as
The porous medium in both cases is assumed to be isotropic with air in the unsaturated zone at atmospheric pressure. Equations (1), (2) and (3) above, are non-linear, parabolic partial differential equations and constitute complicated relationship among the dependent variables ψ and θ and parameters K and C.
Constitutive Relationships
The solution of equations for flow, in the unsaturated zone, requires information relating to initial boundary conditions, geometry of the problem as well as the specification of physical properties, for instance, the hydraulic conductivity and the water content. Generally K and ψ are represented as non-linear functions of water content. Several models for K and ψ are reported in the open literature. The present study is based on the commonly used and reported relationships proposed by Van Genuchten (Van Genuchten, 1980 ) and Haverkamp (Haverkamp et al., 1977) for a number of test problems. A further advantage of using these relationships is the availability of numerous sets of parameter values for these models together with experimental data reported in the open literature. (4) where S e , the effective saturation, is defined as
4. K − ψ Relationship (8) 3. PHYSICA-BACKGROUND PHYSICA (PHYSICA+, v2.12) is a multi-physics modelling framework based on the Rhie and Chow, cell-centred Finite-Volume approach. It can be used for the prediction of continuum physical processes that include both Computational Fluid Dynamics (CFD) and Computational Solid Mechanics (CSM) and interactions between the two. The three dimensional unstructured mesh capabilities with multi-material domains, makes PHYSICA very effective at representing complex geometries. Furthermore, the use of FV procedures are well suited to solve highly non-linear problems considered here. The single most important reason for the choice of the PHYSICA environment is the facility of adding user specific models which was key to the success of the work reported here.
NUMERICAL SOLUTION METHODS
The use of CFD techniques is increasingly becoming an important tool due to its cost effective approach to solving fluid flow and transport problems. The technique is robust and powerful and spans a variety of industrial applications. The FV method serves as the numerical algorithm around which most CFD codes are constructed. The transport phenomenon which describes the conservation of a general flow variable φ within a finite control volume can be expressed as a balance between various processes (Versteege and Malalasekera, 1995) . This is represented as follows:
In mathematical form (9) The key step in the FV method is the integration of the transport equation over a control volume CV yielding (10) The fluid (water) flow phenomena in soils, seen by comparing equations (1) and (9), is independent of the convection term. The discretisation of remaining terms is described in the following subsections. The values of unsaturated hydraulic conductivity K and water content θ, as described by the Van Genuchten or Haverkamp models, are calculated at the mid sweep level (the execution stage of the iteration loop where the dynamics is solved in PHYSICA) to account for diffusion and transient coefficients respectively. The z_derivative of the diffusion coefficient is then calculated to account for sources in the transport equation (9).
Diffusion Term
The discretisation of diffusion term requires the conversion of volume integral into surface integral by making use of Gauss's Divergence Theorem which, for a vector F states as Hence (11) Transformation of (11) to (12) is based on the fact that the surface of a control volume can be expressed as the sum of surface integrals over each face bounding it.
The normal gradient for a fully orthogonal mesh can be approximated as
If f is the face shared by two elements then the discretised form of equation (12) is (13) 4.1.1. Approximation of Diffusion Coefficient To calculate fluxes at the control volume faces an approximate distribution of conductivity between nodal points P and A is made. Hence unsaturated hydraulic conductivity on a face f can be represented as the arithmetic mean (14) where or the harmonic mean for each variable. If a face, f, is the part of the boundary, arithmetic mean averaging is used otherwise the conductivity across each face is averaged through the use of the harmonic averaging.
Transient Term
The approximation of transient term over a control volume over time leads to
For a stationary mesh where V is constant over time, equation (16) implies (17) where the superscript's 0 and P indicate the values at previous time step and average value at the centre of control volume, respectively. For every other term in the conservation equation (9) fully implicit assumptions are used. Thus the final form of the discretised transient term is (18) where ∆t is the multiplying factor. C t in equation (2) is C(ψ) and C(ψ) + S a (ψ)S s in equation (3).
Source Term
In general, the source term in equation (9) is a function of dependent variable. In such a case the FV method approximates the average value of source by means of a negative linear form, given by
to ensure the stability of the set of algebraic equations and thus the iterative algorithm. The source term in equations (2) and (3) is the derivative of the conductivity in the vertical direction. Thus, the FV discretisation over a control volume yields (20) where P denotes the value at the centre of control volume. Since equation (20) is independent of ψ, the dependent variable, thus S P in equation (19) is zero and results in the average value of source is equal to S C .
RESULTS AND DISCUSSIONS
One-dimensional flow models are developed for predicting vertical flow in unsaturated zone of the homogeneous soil. The developed models are based on the pressure head form of Richard's equation which is capable of coupling the unsaturated flow with the saturated flow model. The numerical solutions presented describe the development of the water content profile during constant infiltration and are capable of predicting the time dependence of both soil water content and soil matric potential. Figure below represents the geometrical representation of flow through vadose zone.
Test Case 1
This test case considers infiltration into initially dry soils. The flow process is governed by equation (2) and the constitutive relationships are evaluated using equations (4) (Celia et al., 1990) . The dense grid solution with ∆t = 1 second and ∆z ≈ 0.0021 m gives a very close match. The effects of bigger time step and node spacing are also presented. The increase in ∆t and ∆z is been observed to under predict the infiltration depth.
Test Case 2
The second test case involves infiltration into an unsaturated sand column with a depth L = 120 cm. The flow process is governed by equation (2) and the constitutive relationships are evaluated using equation (7) The simulation results of water content profile (figure 4) at three different times are compared with quasi-analytical solution by Philip and numerical methods solution presented by (Gottardi and Venutelli, 1993) .
Test Case 3
This test case computes infiltration into layered soils. Simulations are carried out by taking alternating layers of Berino loamy fine sand and Glendale clay loam (each 20 cm thick) with a total soil depth of 1m into account as reported by (Hills et al., 1989) . The governing equation for unsaturated flow is equation (2) and the constitutive relationships are calculated using the VG model, equations (4) The results of two days simulations, with ∆z = 0.4 cm and ∆t =1 second are compared with fine grid solution (figure 5) presented by (Ma et al., 2002) . A change in the movement of the wetting front is observed (figure 6) by increasing the initial pressure to −1000 cm.
Test Case 4
The last test case consists of infiltration into variably saturated medium from a ponded surface boundary condition (Miller et al., 1998) . The flow process in this case is governed by equation (3) and constitutive relationships are evaluated using the VG model equations (4)- (6). The parameter values used are given in table (2). The initial and the boundary conditions are:
where Z is the length of domain. ψ 0 , the initial pressure, is the function of space. ψ 1 and ψ 2 are constants. The comparison results of pressure profile for clay and clay loam are presented in figures 7 and 8. Water content and conductivity profiles are also provided in figures 9 and 10 for the two materials.
CONCLUSIONS
A comprehensive CFD analysis based on finite volume discretisation approach has been carried out for determining the flow through unsaturated zone. The performance of model as a reliable tool is accomplished by means of a number of standard verification test case comparisons. The current study has shown that the cell-centred FV convention performs well for estimating the infiltration most cases. Although the current procedures for evaluating the constitutive relationships produced reasonable results, the accuracy and efficiency in case of non-uniform soil texture can be enhanced by incorporating further modifications to the interpolation methods. This work will serve as the basis for development of solute transport processes in vadose zone, predicting the position of water table under time variant boundary conditions and to examine the movement of contaminants from the soil surface to groundwater.
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